. These the effects of parallel and climbing fibers, respectively, changes have been primarily observed through statistiare coapplied. Here, we show that LTD can be induced cal comparisons of fixed tissue at various points prior to in two very reduced preparations of the postsynaptic and following LTP induction, but more recently, dynamic neuron; an acutely dissociated preparation and a perimaging has shown that individual living spines change forated outside-out macropatch of dendritic memtheir shape and spatial orientation as a consequence of brane. LTD in these preparations retains properties of a similar manipulation (Hosokawa et al., 1995) . These that seen in an intact cultured PN in that it is not findings suggest that persistent changes in spine shape induced by either glutamate pulses or depolarization may contribute to the expression of LTP, particularly in alone and requires calcium influx, mGluR activation, its later phases. Spines may also be important for the and PKC activation forinduction. Asboth of theseprepinduction properties of LTP. The ability of spines to amarations lack dendritic spine compartments, these plify synaptically driven electrical and chemical signals findings suggest that the associative nature of LTD could facilitate induction of LTP. In addition, the cominduction does not require this level of morphological partmentalization of electrical and/or chemical signals organization.
metabotropic receptors (Linden et al, 1991) , specifically mGluR1 (Aiba et al., 1994; Conquet et al., 1994; Shigemoto et al., 1994) . The climbing fiber contributes to LTD induction via calcium influx through voltage-gated channels Konnerth et al., 1992) , which is triggered by an AMPA receptor-mediated excitatory postsynaptic potential. These three initial signals are followed by stimulation of protein kinase C (PKC), another required step (Crepel and Jaillard, 1990; Linden and Connor, 1991; Hartell, 1994) . The involvement of a nitric oxide/cyclic GMP cascade in the induction process remains controversial, with some groups finding evidence for (Crepel and Jaillard, 1990; Shibuki and Okada, 1991; Daniel et al., 1993; Hartell, 1994; Lev-Ram et al., 1995) and others against (Linden and Connor, 1992; Glaum et al., 1992; a role for this signaling pathway.
Cerebellar LTD has been studied using intact cerebellum, cerebellar slice, and cell culture preparations. Across all of these preparations, it appears that both the induction and the expression of cerebellar LTD are postsynaptic. For example, LTD can still be induced when parallel fiber stimulation is replaced by pulses of glutamate or quisqualate (Kano and Kato, 1987; Linden et al., 1991) , and climbing fiber stimulation is replaced by direct depolarization of the PN (Crepel and Krupa, 1988; Hirano, 1991; Linden et al., 1991) . That cerebellar LTD is then detected as a decrease in PN response to exogenous pulses of glutamate (Ito et al., 1982; Crepel and Krupa, 1988) or AMPA (Linden et al., 1991 ) is evidence for its postsynaptic expression.
Since size effectively restricts the selective manipulation of individual spines, we have exploited a model of cerebellar LTD in which both parallel fiber and climbing fibers signals have been replaced by postsynaptic manipulations, to create ultrareduced PN preparations that lack dendritic spine compartments. By comparing the properties of LTD in spineless preparations with LTD in spine-bearing embryonic PNs grown in long-term culture, we have sought to test the hypothesis that compartmentation produced by spines is necessary to confer the associative computational property of cerebellar LTD induction. Initially, the ultrareduced PN preparations were obprotuberance from the soma is the remaining stump of the primary served using fluorescence microscopy to determine dendrite. their morphology, and specifically, to assess the pres-(C) A perforated outside-out macropatch after removal from a denence of dendritic spines. To confirm that the imaging drite similar to that shown in (A). Faint conventional bright-field system employed had adequate resolution and dynamic illumination was mixed with excitation at 380 nm to weakly illuminate the patch pipette in this image.
range to detect dendritic spines, we examined embryScale bar represents 2.5 m for all three panels. onic mouse PNs grown in culture for >14 days, a preparation that has previously been shown to have dendritic spines as determined by electron microscopy (Dunn and Mugnaini, 1993, Soc. Neurosci., abstract) . Clearly identiHaving determined that it was possible to observe dendritic spines and other small, weakly loaded strucfiable laterally projecting dendritic spines were observed on the primary dendrites of fura-2 loaded PNs (Figure tures such as growth cone filopodia (data not shown), attention was focused upon the ultrareduced prepara-1A). It should be noted that the present imaging system cannot easily detect spines that extend along an axis tions. Acutely dissociated PNs were typically lightbulb shaped, consisting of a round soma (typically ‫52ف‬ m normal to the plane of focus, and as a result will lead to underestimation of spine density to some degree.
in diameter) and a cylindrical dendritic stump ( Figure Figure 2 . 1B). In 45 out of 45 acutely dissociated PNs, none Shigemoto et al., 1994) have shown that application of six glutamate pulses (30-110 ms duration), each paired showed any obvious spine compartments. The term spine compartments used here and in the text that folwith a 3 s depolarization step to Ϫ10 mV, reliably induces LTD of subsequent glutamate test pulses. Figure 2A lows is meant to indicate solely the morphological aspect of the spine. Thus, a spine that has been flattened shows this stimulation protocol applied to acutely dissociated rat PNs (P7-P12). Following a baseline recording or collapsed into the plasma membrane would be said to lack a spine compartment even if the biochemical period, glutamate/depolarization conjunctive stimulation was applied at t ϭ 0 min. All the cells showed a components of the spine were still present on the now smooth surface of the neuronal plasma membrane.
depression in the amplitude of inward currents evoked by subsequent glutamate test pulses. The degree of Macropatches of dendritic membrane extracted from cultured PNs had a round or oval globular shape ‫2ف(‬ attenuation varied from cell to cell, ranging from 35%-65% of baseline (measured at t ϭ 30 min) and persisted m diameter) and partially protruded from the tip of the amphotericin-containing patch electrode ( Figure 1C) .
for the duration of the recording. Calcium influx via voltage-gated channels has been shown to be necessary Spine compartments or other membranous protuberances were not observed in 15 out of 15 macropatches for cerebellar LTD induction in slice Konnerth et al., 1992) and culture (Linden et al., 1991) prepaof dendritic membrane; 5 out of 5 macropatches of somatic membrane could not be distinguished from denrations. Consistent with these previous observations, inclusion of a calcium chelator (BAPTA, 20 mM) in the dritic macropatches by morphological criteria (data not shown).
internal saline also blocked LTD induction in acutely dissociated PNs ( Figure 2A ). It is worth noting that the Previous experiments in culture (Linden et al., 1993 ; acutely disassociated PN preparation is more subject showed glutamate responses that were similar in amplitude to those recorded using dendritic macropatches. to run-down and is more variable than either cultured PNs (Linden et al, 1993) or dendritic macropatches, Maximal glutamate-evoked inward currents measured at a command potential of Ϫ80 mV were 34 Ϯ 10 pA probably due to enzymatic and mechanical disruption resulting from the dissociation procedure.
(n ϭ 7) in dendritic and 28 Ϯ 11 pA (n ϭ 6) in somatic macropatches. However, LTD could not be induced in Iontophoretic application of glutamate to dendritic macropatches resulted in a small macroscopic inward somatic macropatches. After 5 min of baseline recording, 6 conjunctive stimuli were given at t ϭ 0 min, currents (range ϭ 12-45 pA) upon which superimposed single channel openings could sometimes be resolved.
followed by 12 stimuli at t ϭ 10 min. The mean test pulse response at t ϭ 9 min was 105% Ϯ 9.8% of baseline, Glutamate/depolarization conjunction induced LTD in this preparation that was very similar to that seen in and at t ϭ 20 min was 109% Ϯ 8.0% of baseline (n ϭ 6). This finding suggests that there are chemical and/or both acutely dissociated rat PNs and intact cultured mouse PNs ( Figure 2B ). As the perforated patch restructural features of dendritic macropatches that confer upon them the ability to undergo LTD. One candidate cording configuration does not allow for the introduction of BAPTA internally, the requirement for calcium influx feature is the presence of voltage-sensitive calcium channels, which have been suggested to be enriched was tested by removing external calcium during glutamate/depolarization conjunction. This manipulation was in PN dendrites (Llinas and Sugimori, 1980; Ross and Werman, 1987) , and which are necessary for LTD inducsimilarly effective in blocking induction of LTD.
Perforated macropatches of somatic membrane tion Crepel and Jaillard, 1991; Linden et Scale bars represent 3 s, 10 pA; n ϭ 7 (control), n ϭ 6 (MCPG), and n ϭ 5 (chelerythrine).
al., 1991). Families of voltage-gated calcium currents fiber stimulation/depolarization alone or parallel fiber stimulation/glutamate alone. If compartmentalization of were evoked by depolarizing steps from a holding potential of 90 mV using an external saline supplemented diffusible or electrical signals by spines were necessary to confer the associative property of LTD induction, then with 5 mM tetraethylammonium-Cl. The mean peak calcium current in somatic macropatches was 35 Ϯ 9 pA one might expect that glutamate pulses alone or depolarization alone would be sufficient to induce LTD in (n ϭ 5) and in dendritic macropatches was 122 Ϯ 20 pA (n ϭ 6). While this difference might underlie the failure ultrareduced preparations. An illustration of experiments in which these manipulations were done is shown to see LTD in somatic macropatches, other potentially relevant dendrite/soma differences must also be considin Figure 3 . In neither case was LTD induced. Alternating glutamate pulses and depolarization steps applied at a ered including the distribution of AMPA and mGluRs, protein kinases, and phospholipases. frequency of 0.05 Hz (six of each) was similarly ineffective in inducing LTD in the dendritic macropatch prepaCerebellar LTD induction requires coactivation of both climbing fibers (or depolarization) and parallel fibers (or ration (data not shown). Finally, it was important to determine whether the form glutamate). It has been hypothesized that this associative requirement for LTD induction is conferred by the of LTD observed in these ultrareduced PN preparations was pharmacologically similar to LTD seen in more concompartmentalization of the postsynaptic machinery produced by the dendritic spines. In this manner, the ventional slice and culture preparations. (ϩ)-MCPG, an antagonist of mGluRs, blocked LTD in both ultrareduced relative isolation of the spine head prevents it from being driven beyond the LTD induction threshold by climbing PN preparations, consistent with results previously ob-tained in slice (Hartell, 1994; but see Hemart et al., 1995) smooth membrane of the acutely isolated PN may contain domains that correspond to collapsed or flattened and intact cultured PNs (Linden et al., 1991) (Figure  spines and are thereby enriched in spine biochemical 4A). Similarly, inclusion of chelerythrine, a membranecomponents. Similarly, if one assumes a random placepermeant catalytic site PKC inhibitor (Herbert et al., ment of the patch electrode upon the primary dendrite 1990), in the internal saline of acute dissociated PNs (10 and a density of laterally projecting spines of about M), or addition of chelerythrine (30 M) to the external 0.5/m, then it is likely the biochemical components saline surrounding dendritic macropatches, blocked of spines will be contained in a significant fraction of LTD in both preparations, consistent with results premacropatches. It is possible that in these cases the viously obtained in PNs in slice (Crepel and Jaillard, spine compartment is collapsed or flattened in the pro-1990; Hartell, 1994) and intact culture (Linden and Concess of macropatch preparation. nor, 1991) ( Figure 4B ).
Several investigations have reported use-dependent increases in synaptic strength using preparations that are likely to lack dendritic spines. Zilberter et al. (1990) Discussion found that acutely dissociated hippocampal neurons from 2-to 3-week-old rats could express a short-term The main finding of this investigation is that both the potentiation (10-15 min) of responses to glutamate test associative induction rule and some of the molecular pulses following high frequency pulsed application of a requirements for LTD induction (mGluR activation, calglutamate/glycine/0 Mg solution. Spine compartments cium influx, PKC activation) are preserved in two ultrawere not assessed in this study. In addition, several reduced postsynaptic preparations of PNs, the acute reports have claimed that LTP may be seen following dissociated PN and the PN dendritic macropatch. Using tetanic stimulation of glutamatergic synapses received an imaging system of sufficient resolution and dynamic by aspiny hippocampal interneurons (Taube and range to detect dendritic spines in cultured PNs, no Schwartzkroin, 1987; Ouardouz and Lacaille, 1995 ; but spines could be seen in either ultrareduced preparation.
see Maccaferri and McBain, 1995) or immature aspiny These observations suggest that the dendritic spine as CA1 pyramidal neurons (Durand et al., 1996 ; but see a separate morphological compartment is not necessary Harris and Teyler, 1984 ; Bolshakov and Siegelbaum, to confer these particular properties of LTD induction 1994). in culture. Furthermore, since the dendritic macropatch Although dendritic spines have been a favorite topic preparation lacks somatic and nuclear material, it apfor theoretical papers and for assessment in fixed tissue, pears as if somatic/nuclear processes are not required their size has limited the ability to measure their physiofor this form of LTD induction or expression during the logical properties in living neurons. Weak tetanic stimu-40 min monitoring period of the present experiments.
lation of associational/commissural afferents gave rise There are some possibilities that might complicate to an NMDA receptor-mediated increase in free calcium the interpretation that these ultrareduced preparations that was restricted to spine heads of hippocampal CA3 lack spines. First, protruding dendritic spine compart-(Mü ller and Connor, 1991) or CA1 (Petrozzino et al., ments could be present, but could only extend normal 1995) pyramidal neurons. Stronger stimulation recruited to the plane of focus, rendering them undetectable. This calcium increases in the dendritic shaft as well. Measeems unlikely as the orientation of the acute dissocisurements made with a lower affinity calcium fluoroated cell or macropatch with respect to the plane of phore indicated that spine/shaft gradients of >20 M focus should be random. Second, protruding dendritic could be achieved (Petrozzino et al., 1995) . This sugspine compartments could be present but could be so gests that in some cases, synaptically driven changes weakly loaded with dye as to render them undetectable.
in calcium are not communicated to the dendritic shaft. This is also unlikely, as dendritic spines in intact cultured
The converse relation was addressed by Guthrie et al. PNs are detectable. Third, dendritic spines could be (1991) who produced a calcium influx into the proximal retracted in such a manner as to maintain the spine dendritic shaft of a CA1 pyramidal neuron by localized head as a separate compartment, yet render it unresolvphotodamage and then visualized calcium concentraable by virtue of being buried within the dendritic shaft tion as the wave of damage-evoked calcium spread cytoplasm. This possibility is one that cannot be tested down the length of the dendrite. In the majority of spines, with the current imaging system and that would require the calcium increase in the spine head mirrored that serial section electron microscopy to address definiof the underlying dendritic shaft, but in some cases a tively. However, to our knowledge, no reports exist in significant delay was observed between shaft and spine the literature that have identified such a structure using calcium levels. A more physiological approach to shafteither light or electron microscopic techniques. In particto-spine signaling was taken by Jaffe et al. (1994) and ular, Kay and Wong (1986) reported that transmission Petrozzino et al. (1995) who showed that direct depolarand scanning electron microscopy of an acutely dissociization of CA1 pyramidal neurons resulted in similar inated hippocampal CA1 pyramidal neuron preparation, creases in spine and shaft calcium, the onset of which which is spine-bearing in situ, did not reveal spine comwas simultaneous within the temporal resolution of the partments.
imaging systems employed. This suggests that the flow The dendritic macropatch, although it does not conof diffusible signals might operate preferentially in the tain identifiable spine compartments, may still contain shaft-to-spine direction. This could result in part from the biochemical components of spines (receptors, ion volume differences between these compartments as channels, enzymes, structural proteins, endoplasmic rehas been suggested by certain models (Coss and Perkel 1985; Holmes, 1990 ). ticulum; reviewed by Harris and Kater, 1994 ). The Two recent imaging studies in cerebellar slice have in some other model systems of information storage (Abraham and Otani, 1991; Bailey and Kandel, 1993) . shown that activation of a group of parallel fibers with a stimulating electrode will give rise to transient increases in calcium in PN dendritic spine heads. One
Experimental Procedures
report (Eilers et al., 1995) indicates that calcium in- according to a protocol developed by Mintz and Bean (1993) . In Activated spine heads were never seen without actibrief, the cerebellum of a 7-to 11-day-old Harlan Sprague-Dawley rat was rapidly removed and dissected in ice-cold saline containing vated dendritic shaft, leading these authors to suggest Na2SO4 (82 mM), K2SO4 (30 mM), HEPES (10 mM), glucose (10 mM), that the calcium response was generated at the level of and MgCl2 (5 mM) at pH 7.45, adjusted with NaOH. Cerebellar tissue, the dendritic shaft: either shaft depolarization invaded free of meninges, was cut into small chunks, placed in this saline the spine head resulting in activation of calcium chancontaining 3 mg/ml Protease XXIII (Sigma), and incubated at 37ЊC-nels there, or calcium ions themselves invaded spine 40ЊC for 9 min. The tissue was then transferred to saline containing heads. Another report (Denk et al., 1995) suggests that 1 mg/ml trypsin inhibitor (Sigma T9253) and 1 mg/ml bovine serum albumin (Sigma A7030). Tissue chunks were kept in this solution parallel fiber-mediated calcium increases can occur at room temperature, lightly oxygenated, for the duration of the from two sources, either activation of calcium-permeexperiment (5-6 hr). Immediately before the experimental measureable ligand-gated receptors or voltage-gated calcium ments, a single tissue chunk was gently triturated through the tip channels. However, these investigators found calcium of a fire-polished Pasteur pipette and plated onto plastic Petri dishes signals restricted to dendritic spine heads and suggest (for patch recording) or a glass-bottom coverslip clamp chamber that calcium flux is mediated by ion channels located in (for imaging). They were allowed to sit undisturbed for 5-7 min before being perfused with the recording external saline described the membrane of the spine head itself. This is consistent below. with reports that have shown immunoreactivity for a spider toxin-binding protein (presumed to be a P-type mM stock in 100% DMSO prior to being dissolved in internal saline long-term depression of synapses in the cerebellum. Daniel, H., Hemart, N., Jaillard, D., and Crepel, F. (1993) . Longin the BSA/trypsin inhibitor-containing medium described above, term depression requires nitric oxide and guanosine-3Ј,-5Ј-cyclic followed by washout of unincorporated dye. Cultured embryonic monophosphate production in cerebellar Purkinje cells. Eur. J. NeuPNs were loaded using somatic patch pipettes containing KCl (100 rosci. 5, 1079-1082. mM), HEPES (10 mM), and fura-2 K5 salt (10 mM). The patch pipette Denk, W., Sugimori, M., and Llinas, R. (1995) . Two types of calcium was slowly removed to allow for resealing of the plasma membrane.
response limited to single spines in cerebellar Purkinje cells. Proc. Loaded PNs were then either directly imaged or were the targets Natl. Acad. Sci. USA 92, 8279-8282. for the formation of perforated macropatches as described above. Measurements of the background-corrected fluorescence at 380
De Schutter, E. (1995) . Cerebellar long-term depression might nornm excitation were made using a cooled CCD camera system. Illumimalize excitation of Purkinje cells: a hypothesis. Trends Neurosci. nation at 380 nm was provided by filtered output of a 100 W mercury 18, 291-295. burner lamp. This light was directed to the epi-fluorescence train Durand, G.M., Kovalchuk, Y., and Konnerth A. (1996) . Long-term of a Zeiss Axiovert 100 equipped with a 100ϫ 1.3 NA oil-immersion potentiation and functional synapse induction in developing hippoobjective. Emission at 505 nm was passed through a dichroic mirror campus. Nature 381, 71-75. and was focused on the chip (Thompson 7883) of a slow-scan cooled Eilers, J., Augustine, G.J., and Konnerth, A. (1995) . Subthreshold CCD camera (Photometrics CH250). The exposure time was 400 ms synaptic Ca 2ϩ signaling in fine dendrites and spines of cerebellar for a single wavelength image.
Purkinje neurons. Nature 373, 155-158. cializations imparting both stability and flexibility to synaptic funcThe costs of publication of this article were defrayed in part by tion. Annu. Rev. Neurosci. 17, 341-371. the payment of page charges. This article must therefore be hereby Harris, K.M., and Stevens, J.K. (1988) . Dendritic spines of rat ceremarked "advertisement" in accordance with 18 USC Section 1734 bellar Purkinje cells: serial electron microscopy with reference to solely to indicate this fact. their biophysical characteristics. J. Neurosci. 8, 4455-4469.
